Fusarium head blight (FHB) or scab, incited by Fusarium graminearum, can cause significant economic losses in small grain production. Five field experiments were conducted from 2007 to 2009 to determine the effects on FHB and the associated mycotoxin deoxynivalenol (DON) of integrating winter wheat cultivar resistance and fungicide application. Other variables measured were yield and the percentage of Fusarium-damaged kernels (FDK). The fungicides prothioconazole + tebuconazole (formulated as Prosaro 421 SC) were applied at the rate of 0.475 liters/ha, or not applied, to three cultivars (experiments 1 to 3) or six cultivars (experiments 4 and 5) differing in their levels of resistance to FHB and DON accumulation. The effect of cultivar on FHB index was highly significant (P < 0.0001) in all five experiments. Under the highest FHB intensity and no fungicide application, the moderately resistant cultivars Harry, Heyne, Roane, and Truman had less severe FHB than the susceptible cultivars 2137, Jagalene, Overley, and Tomahawk (indices of 30 to 46% and 78 to 99%, respectively). Percent fungicide efficacy in reducing index and DON was greater in moderately resistant than in susceptible cultivars. Yield was negatively correlated with index, with FDK, and with DON, whereas index was positively correlated with FDK and with DON, and FDK and DON were positively correlated. Correlation between index and DON, index and FDK, and FDK and DON was stronger in susceptible than in moderately resistant cultivars, whereas the negative correlation between yield and FDK and yield and DON was stronger in moderately resistant than in susceptible cultivars. Overall, the strongest correlation was between index and DON (0.74 ≤ R ≤ 0.88, P ≤ 0.05). The results from this study indicate that fungicide efficacy in reducing FHB and DON was greater in moderately resistant cultivars than in susceptible ones. This shows that integrating cultivar resistance with fungicide application can be an effective strategy for management of FHB and DON in winter wheat.
Fusarium head blight (FHB), also known as scab, is a destructive disease of wheat and other small grain cereals. In North America, it is caused mainly by Fusarium graminearum Schwabe (sexual stage Gibberella zeae (Schwein.) Petch), but other species in the genus Fusarium are causal agents (2) . Since the early 1990s, FHB has occurred regularly in the United States in most of the areas that produce hard red spring, soft red winter, hard red winter, and durum wheat, and it is now considered one of the most important diseases of wheat in the United States (2) . Detrimental effects of FHB include reduction in yield and grain quality, presence of Fusarium-damaged kernels (FDK), and production of the mycotoxin deoxynivalenol (DON) in grain (10) .
Several strategies have been used to manage FHB and DON, including crop rotation, genetic resistance, and chemical and biological control (16) . Mesterhazy et al. (14) demonstrated the effect of genotype (cultivar) on DON accumulation in winter wheat. They found highly susceptible genotypes to have low to moderate accumulation, compared to little or no accumulation of the mycotoxin in the most resistant genotypes.
Several studies have assessed the efficacy of fungicides for control of FHB and reduction in DON accumulation (5, 7, 8, 12, 15) . Although fungicides have shown some effectiveness in controlling FHB and DON (12, 13) , results from fungicide efficacy trials have been variable. This variability has been attributed in part to fungicide timing and efficacy, cultivar resistance, and application technology (10, 13) .
Few studies have been done to determine the effect of multiple management strategies on FHB and DON. Koch et al. (9) found that tillage type, cultivar, and application of the fungicide tebuconazole had a significant effect on DON accumulation. As compared to clean tillage, reduced tillage resulted in higher DON content in both a moderately resistant and a highly susceptible cultivar, with the highly susceptible cultivar accumulating more DON than the moderately resistant cultivar. Fungicide application reduced DON concentration only slightly in the moderately resistant cultivar, but significantly in the highly susceptible cultivar. In contrast, Mesterhazy et al. (13) found that fungicide efficacy in controlling FHB and DON accumulation was greater in more resistant than in more susceptible winter wheat cultivars. Horsley et al. (6) applied tebuconazole to 13 barley genotypes with varying levels of FHB resistance. They found the response to tebuconazole of moderately resistant genotypes to be inconsistent for FHB severity and DON accumulation. They also found that tebuconazole applied to moderately resistant genotypes did not consistently reduce DON to acceptable levels.
The association between FHB intensity (incidence, severity, or index = incidence × severity) and DON in small grains has been studied extensively. Understanding the relationship between DON and FHB intensity can be useful in developing DON predictive models which can in turn be used in managing FHB and DON. Paul et al. (17) analyzed 163 studies and found more than 65% of all correlation coefficients between FHB intensity and DON to be >0.50. This analysis showed that the strongest relationship was between FDK and DON, followed by index and DON. Additionally, it was shown that correlations between FHB intensity and DON were significantly affected by wheat type, study type, and study location. However, analyses to determine the effect of cultivar resistance/susceptibility on the relationships among FHB intensity, FDK, DON, and yield have not been done. Information from such analyses can enable researchers to choose wheat cultivars suited for studies aimed at modeling these relationships.
The objectives of this study were to (i) evaluate the effects of integrating cultivar resistance and fungicide application on FHB and DON in winter wheat, (ii) assess differences in winter wheat cultivar reaction to FHB and DON accumulation, (iii) model the relationships among FHB index, FDK, DON, and yield in winter wheat, and (iv) determine if these relationships are affected by cultivar resistance/susceptibility.
Materials and Methods
From 2007 to 2009, five experiments were conducted at Manhattan, KS, and Mead, NE. The objectives of the experiments were as stated above. Standard agronomic practices for wheat production were followed at each location. Air-dried corn-kernel inoculum (corn kernels colonized by F. graminearum) was applied to the soil surface of all plots on 1 April, 15 April, and 1 May at a total application rate of 0.74 g/m 2 . Natural rainfall rehydrated the corn-kernel inoculum and initiated fungal development. During anthesis, heads were kept wet with overhead, impulse sprinklers applying water 3 min of every hour from 9:00 P.M. until 6:00 A.M. Fungicide applications were made at the rate of 187 liters/ha with a pressure of 207 kPa, using a backpack sprayer equipped with flat-fan nozzles angled forward about 30°. The experimental design was a split plot in randomized complete blocks with six replicates. Main plots were cultivars and subplots were two fungicide treatments: (i) prothioconazole + tebuconazole (Prosaro 421 SC) applied at 0.475 liters/ha at Zadoks growth stage 59 (GS 59, emergence of inflorescence complete) (22) , and (ii) the check (no fungicide applied). Jagalene and 2137 were at GS 59 on 11 May, whereas Harry was at the same growth stage on 21 May. Induce nonionic surfactant (Helena Chemical Company, Collierville, TN) was added to the fungicide at 0.125% vol/vol. FHB index was assessed on 9 June 2007 by visually estimating the percentage of spikelets that were blighted in each plot. Plots were harvested on 30 June 2007 with a small-plot combine. Tengram subsamples of harvested grain were each spread out in a shallow weigh-boat and visually assessed for percent FDK. They were then ground to flour and sent to the North Dakota Veterinary Diagnostic Laboratory at North Dakota State University for DON content determination by gas chromatography with electron capture detection (GC/ECD) (20) . Corn kernels colonized by F. graminearum were applied to the soil surface in the wheat plots 1 week before flowering at a rate of 0.42 g/m 2 . Plots were not irrigated. Natural rainfall rehydrated the corn-kernel inoculum and initiated fungal development. There also was abundant natural inoculum in 2008. The experimental design was a split plot in randomized complete blocks with six replications. The main plots were cultivars and the subplots were fungicide treatments (check or treated with prothioconazole + tebuconazole (Prosaro 421 SC) + Induce nonionic surfactant at 0.125% vol/vol applied 2 days before GS 65 (mid-anthesis) at a rate of 0.475 liter/ha. Plot size was 1.5 × 6 m. A CO 2 -powered backpack sprayer (241 kPa) and four Teejet 800-1 VS nozzles spaced 30.5 cm apart on a boom were used to apply fungicide to spikes. Each cultivar was inoculated at mid-anthesis with spores of F. graminearum (1 × 10 5 spores/ml) using a hand-pumped backpack sprayer. Mid-anthesis was considered to be the day on which 50% of the spikes of a given cultivar had extruded anthers. Thus, cultivars were inoculated on different dates within a season ranging from 28 May to 4 June.
Disease severity and incidence were assessed on 50 randomly selected spikes in each plot on 30 June 2008 and 20 June 2009 and used to calculate FHB index using the formula index = [incidence (%) × severity (%)]/100. Plots were harvested with a small plot combine. Percent FDK was measured with an automated singlekernel near-infrared (SKNIR, Perten Instruments, Stockhom, Sweden) system at the USDA-ARS Center for Grain and Animal Health Research, Engineering and Wind Erosion Research Unit, Manhattan, KS. Accuracy of the SKNIR system to measure FDK in winter wheat has been validated (21) . A 10-g grain sample from each plot was ground to flour and submitted to the North Dakota Veterinary Diagnostic Laboratory at North Dakota State University for DON content determination using gas chromatography with electron capture detection (GC/ECD) (20) . and 5]). To ensure equal representation of cultivars, four replicates from each location-year were used (for location-years that had six replicates, only the first four replicates were used). Moderately resistant cultivars were grouped into one treatment (resistant treatment), and susceptible cultivars were grouped into a second treatment (susceptible treatment). Each cultivar/location-year combination was considered a replicate. There were 32 replicates in each of the two treatments.
Data analysis. Data were analyzed by the general linear models (GLM) procedure of SAS version 9.2 (SAS Institute, Cary, NC). The least significant difference (LSD, P = 0.05) (3) was used to compare pairs of treatment means. Throughout this paper, when comparing treatment means, use of "higher", "lower", "differed", "did not differ", "reduced", or "increased" is in reference to the LSD at P = 0.05. F values for main plot (cultivar) and subplot (fungicide treatment) effects and their interaction were considered significant at P ≤ 0.05.
Fungicide efficacy for index, FDK, and DON for each cultivar was calculated as
where C is the check treatment value and F is the fungicide treatment value. Fungicide efficacy for yield for each cultivar was calculated as
[(F -C)/F]*100
where C and F are as defined above.
Cultivar means from experiments 1 to 3 and experiments 4 and 5 were used in analysis of correlation (3, 19) between index and yield, index and FDK, index and DON, yield and FDK, yield and DON, and FDK and DON. To determine if there was consistency in the relationships among index, yield, FDK, and DON, these correlations were evaluated four times using cultivar means (i) averaged over all fungicide treatments, (ii) from fungicide treatments only, (iii) from check treatments only, and (iv) from fungicide treatments + check treatments. To determine the effect of cultivar resistance/ susceptibility on the relationships among index, yield, FDK, and DON, the correlations were repeated using combined means from susceptible cultivars (2137, Jagalene, Overley, and Tomahawk) and moderately resistant cultivars (Harry, Heyne, Roane, and Truman). (Table 1) . Therefore, the only consistent effect in all 3 years was that of cultivar on index (P < 0.0001). Neither cultivar nor fungicide had a consistent effect on yield, FDK, or DON over the 3-year period.
Results

Experiments
A comparison of fungicide treatment means (Prosaro and check) by cultivar showed that in 2007, Prosaro significantly reduced FHB index and increased yield in all three cultivars, but reduced FDK and DON only in Harry (Table 2 ). In 2008, Prosaro reduced FDK in Jagalene and 2137. In 2009, Prosaro did not reduce index in any cultivar. However, it increased yield in Jagalene, reduced FDK in Harry and Jagalene, and reduced DON in Harry (Table 2 ). In 2007 and 2008 (high FHB intensity), index was consistently highest in Jagalene and lowest in Harry in both the Prosaro and check treatments. However, despite the low index in Harry, the level of DON in this cultivar was similar to DON levels in the susceptible 2137 and Jagalene. FDK in the check treatment was consistently highest in Harry in all three years ( Table 2) .
Differences among cultivars in fungicide efficacy (percent reduction in index, FDK, and DON and percent increase in yield) varied from year to year (Table 3) . (Table 1) . In both years, the effect of cultivar on all measured variables (index, yield, FDK, and DON) was highly significant (P ≤ 0.0002). The effect of fungicide was significant for all variables (P ≤ (Table 4 ). In both the Prosaro and check treatments and in both years, index, FDK, and DON were highest in Tomahawk and Overley and lowest in Truman. The highest and lowest yield in both years occurred in the Prosaro treatment in Truman and the check treatment in Tomahawk, respectively.
In 2008, the effect of cultivar on fungicide efficacy (Table 5 ) was highly significant for index (P < 0.0001), FDK (P = 0.0005), and DON (P = 0.0021). Although the effect of cultivar on fungicide efficacy was not significant for yield (P = 0.3580), efficacy in Roane was significantly lower than efficacy in Heyne based on the LSD test at P = 0.05. Efficacy for index, FDK, and DON was highest in Truman and lowest in Tomahawk. In 2009, the effect of cultivar on fungicide efficacy was not significant for any variable. However, the LSD test at P = 0.05 showed that efficacy for yield was lower in Roane than in all other cultivars (Table 5 ). x Experiments were conducted in three location-years and consisted of three winter wheat cultivars and two fungicide treatments: check and prothioconazole + tebuconazole (Prosaro) applied at 0.475 liter/ha. y Means followed by the same letter within a column are not different according to Fisher's least significant difference test at P = 0.05. z Efficacy was not calculated because index and DON levels were very low. Fungicide efficacy for index, DON, FDK, and yield in moderately resistant versus susceptible cultivars. The effect of cultivar (resistant versus susceptible) on fungicide efficacy was highly significant for index (P < 0.0001) and DON (P = 0.0057). It was significant for FDK at the 10% level (P = 0.0903); however, it was not significant for yield (P = 0.4175). Fungicide efficacy for index and DON was higher in moderately resistant cultivars (Harry, Heyne, Roane, and Truman) than in susceptible cultivars (2137, Jagalene, Overley, and Tomahawk) (Fig. 1) .
Correlations among index, yield, FDK, and DON. In all five experiments, there was a consistent, positive correlation between index and DON (0.74 ≤ R ≤ 0.88, P ≤ 0.05) ( Table 6 ). In experiments 4 and 5, index and yield were consistently negatively correlated (-0.80 ≤ R ≤ -0.74, P ≤ 0.01), as were yield and DON (-0.78 ≤ R ≤ -0.69, P ≤ 0.05). There was a stronger relationship between index and DON, index and FDK, and FDK and DON in susceptible cultivars compared to moderately resistant cultivars (Table 7) . In contrast, the relationships between yield and FDK and between yield and DON were generally stronger in moderately resistant than in susceptible cultivars.
Discussion
This study demonstrated higher fungicide efficacy among winter wheat cultivars with moderate resistance to FHB as compared to susceptible cultivars. This implies that in years with high FHB intensity, the disease can be controlled more effectively with fungicide application in moderately resistant than in susceptible cultivars. In years with low to moderate FHB intensity (enough to cause economic loss in susceptible cultivars), it may not be necessary to apply a fungicide to moderately resistant cultivars, as the resistance alone may be effective in preventing economic loss. Therefore, by growing moderately resistant cultivars, a farmer can benefit from more effective control of FHB when conditions favor disease development, and by avoiding fungicide application altogether when low to moderate levels of disease are forecast.
Winter wheat cultivars and the fungicide Prosaro had significant effects on FHB index, DON, FDK, and yield. Although these effects were variable within and among location-years, the overall results were lower index, DON, and FDK and higher yield in moderately resistant cultivars and fungicide-treated plots compared to susceptible cultivars and check plots. The significant cultivar × fungicide interaction for each measured variable in at least one location-year indicated that the effect of fungicide application on the measured variables varied from cultivar to cultivar, implying that fungicide efficacy in controlling FHB and DON can be greater in some cultivars than in others, as indicated by the higher fungicide efficacy for index, DON, and FDK in the moderately resistant than in the susceptible cultivars (Fig. 1) .
In this study, cultivar × fungicide interactions were not consistently significant. By contrast, Mesterhazy et al. (13) tested fungicides on winter wheat cultivars differing in levels of resistance to FHB and found consistent cultivar × fungicide interactions for all measured variables (severity, DON, FDK, and yield loss). This may be due to the fact that there were only two fungicide treatments in the present study (Prosaro and check), compared to 10 treatments in the study of Mesterhazy et al. (13) . In that study, all fungicides reduced FHB, DON, FDK, and yield loss compared to the check treatment. In this study, Prosaro did not consistently reduce index, FDK, and DON or increase yield in experiments 1 to 3. Variability in fungicide efficacy on FHB has been reported by several researchers. Milus and Parsons (15) found that several fungicides, including tebuconazole, did not reduce FHB or DON. Hollingsworth et al. (5) reported that DON accumulation in grain of moderately susceptible and moderately resistant spring wheat cultivars was unchanged by fungicide treatment, whereas Menniti et al. (11) found that the fungicides tebuconazole, prochloraz, and bromuconazole effectively controlled F. graminearum and reduced DON in durum wheat. Variability in FHB and DON response to fungicides has been attributed to several factors, including pathogen isolate and fungicide application timing and coverage (4, 13) .
Prosaro reduced FDK in at least one cultivar in four out of five experiments. In four of the five experiments, there was no significant cultivar × fungicide interaction for FDK. Ransom and McMullen (18) similarly demonstrated the effectiveness of fungicides in reducing FDK and the lack of cultivar × fungicide interaction for FDK. The levels of FDK in this study, however, were much higher than those reported by Ransom and McMullen (18) , despite similar levels of FHB. This may be due to cultivar differences or the environment. Prosaro also consistently increased yield, and cultivars differed in their yield response in this study, a result similar to results from other studies (8, 13, 18) .
FHB index and DON, index and FDK, and DON and FDK were positively correlated. This result was expected and is consistent with published results (11, 17) . Paul et al. (17) used meta-analysis to analyze 163 studies reporting correlations between DON and FHB index, incidence, severity, and FDK. They found that more than 65% of correlation coefficients were >0.50. They found that the strongest relationship was between FDK and DON. However, in this study, the strongest relationship was consistently between index and DON. This difference may be due to the fact that we used a much smaller data set than they did. In addition, our data were all from winter wheat cultivars, whereas their larger data set included several different wheat types. Menniti et al. (11) also found a positive linear correlation between FDK and DON. As expected, this study showed that yield and index, yield and FDK, and yield and DON were negatively correlated. Index is a direct indicator of yield loss, whereas DON and FDK are indirect indicators.
Two methods were used to measure FDK in this study: a singlekernel near-infrared (SKNIR) system (experiments 2 and 3) and visual estimation (experiments 1, 4, and 5). The method of FDK measurement did not affect correlation analysis involving FDK, as correlation coefficients were similar in the two sets of experiments (Table 6 ). Wegulo and Dowell (21) showed that the SKNIR system measured FDK in winter wheat with accuracy similar to that of human raters, and was more consistent and detected FDK over a wider range than human raters.
The effect of winter wheat cultivar resistance/susceptibility on the relationships among FHB index, yield, FDK, and DON has not been studied previously. This study suggests a stronger correlation between index and DON, index and FDK, and FDK and DON in susceptible than in moderately resistant cultivars. In contrast, correlation between yield and FDK and between yield and DON was stronger in moderately resistant than in susceptible cultivars. More work on larger sets of resistant and susceptible cultivars is needed to verify our findings and to decipher the reasons for the differences between moderately resistant and susceptible winter wheat cultivars in the effects they have on the relationships among FHB index, yield, FDK, and DON. Researchers aspiring to model relationships among index, DON, FDK, and yield can use this information to choose cultivars that are suitable to their specific objectives.
The finding in this study that fungicide efficacy in reducing FHB index, DON, and FDK was higher in moderately resistant compared to susceptible winter wheat cultivars (Fig. 1) is consistent with the results of previous studies (13, 18) . This finding suggests that integrating cultivar resistance with fungicide application can be an effective strategy for managing FHB. In years with high FHB Table 6 intensity, the combination of moderately resistant cultivars with fungicide application is necessary to reduce FHB to acceptable levels with respect to yield, test weight, and DON accumulation. In years with low to moderate FHB intensity, it may not be necessary to apply a fungicide if moderately resistant cultivars are grown because the resistance alone may be sufficient to prevent economic loss, resulting in time and money savings for producers. Moreover, because FHB is controlled with greater efficacy on moderately resistant cultivars, inoculum buildup over time is likely to be reduced when moderately resistant cultivars are grown.
